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ABSTRACT
Determination of LPS-TLR4 binding constants for LPS interaction with TLR4
Santhoshi Dixit
Toll-like receptors (TLRs) are the best characterized Pathogen Recognition Receptors
(PRRs) and are directly responsible for initiating an appropriate defense against bacterial
and viral infection. Among all the TLRs known, only TLR4 is able to activate both
MyD88-dependent induction of genes encoding inflammatory molecules and TRIFdependent production of type I interferon. Therefore, in this study we report the binding
of TLR4 by Lipopolysaccharide (LPS) which is the component on the cell-wall of gramnegative bacteria. Binding of LPS is a prerequisite for the activation of Toll-like receptor
4 (TLR4) by LPS which increases the expression of critical proinflammatory cytokines
that organize potent immune responses. The binding of LPS to TLR4 was studied using
IC21 mice macrophage cell line and fluorescently labeled LPS molecule, called FITCLPS by flow cytometry. The series of cell staining experiments were performed, which
included binding of FITC-LPS to TLR4 at different temperatures as temperature
influences cellular trafficking of TLR4. Since, trafficking or internalization of LPS
depends on its aggregation behavior; the molecular state of LPS under experimental
conditions is detected using SDS-PAGE. Trypan blue was used to identify surface bond
versus internalized FITC-LPS.
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Chapter 1. Introduction
The living organism contains an amazing array of systems to protect it from invading
pathogens -called the immune system. The immune system is complex and interesting.
Higher animals have two types of immunity. The first line of defense is called innate
immunity; adaptive immunity is the second line of defense against infections. Innate
immunity is responsible for defense against bacterial antigens. Lipopolysaccharide or
LPS is found on the cell walls of gram negative bacteria such as Escherichia coli. LPS is
recognized by innate immune system resulting in an inflammatory response. Front-line
anti-microbial defense is accomplished by the innate immune system with the help of
pattern recognition receptors (PRRs), such as Toll-like receptors, in early detection of
pathogens. There are several types of PRRs including complement, glucan, mannose,
scavenger, and toll-like receptors, each bind specific pathogen associated molecular
patterns (PAMP). PAMPs are the broad classes of pathogens which express a set of classspecific, mutation resistant molecules. PAMPs include formulated peptides, and diverse
bacterial cell wall components, such as lipopolysaccharide (LPS), lipopeptides,
peptidoglycans, and teichoic acids.
Among all the TLRs, TLR4 is generally considered as a LPS receptor. TLR4 is
expressed by B cells, dendritic cells, monocytes, macrophages and T cells. Among all
these, macrophages are the cells which express high levels of TLR4, therefore
macrophage cells are used to study the binding of LPS. The purpose of this study is to
investigate the equilibrium binding constants of LPS to TLR4 of IC21 mice macrophage
cells. The stimulation of TLR4 by LPS increases the expression of critical proinflammatory cytokines that are requisite to induce potent immune responses. LPS-TLR4
signaling has been intensively studied in past few years. LPS is mostly studied because it
is a well characterized PAMP in which Lipid A portion is invariant and is present in
every species of bacteria, but the O antigen portion is variant. And also LPS is found to
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exhibit aggregation behavior in culture medium, so effective molecular weight of LPS
during interaction with TLR4 is to be determined. SDS-PAGE is the proposed method to
analyze LPS. TLR4 is chosen among all TLRs because TLR4 is the only TLR that can
activate both MyD88-dependent induction of genes encoding inflammatory molecules
and TRIF-dependent production of type I interferon. Therefore LPS when encountered by
macrophages initiates a cascade of events resulting in the release of inflammatory
cytokines and tissue factors. In this study, we investigate the kinetics involved in LPSTLR4 binding because, we believe, the upstream binding processes directly affect the
downstream signaling processes and the release of transcription factors and cytokines.
Therefore, once LPS is analyzed, its interaction with TLR4 can be investigated and
quantified.

2

Chapter 2. Literature Survey
2.0 Innate immunity
The immune system is composed of two major subdivisions; the innate and the
adaptive immune system. The innate immune system provides early defense against
pathogen invasion and it alerts the adaptive immune system about the pathogen invasion.1
Each of the major subdivision has both cellular and humoral components by which they
carry out their protective function. In addition, innate immune system has anatomical
features that functions as barriers to infection. Although these two arms of the immune
system have distinct functions, there is interplay between these systems (i.e., components
of the innate immune system influence the adaptive immune system and vice versa).
There are two phases to the immune response: pathogen recognition and pathogen
removal. Although the innate and adaptive immune systems both function to protect
against invading organisms, they differ in a number of ways. The adaptive immune
system requires some time to react to an invading organism, whereas the innate immune
system includes defenses that are mostly present and ready to be mobilized upon
infection. Second, the adaptive immune system is specific against new antigens identified
as dangerous. In contrast, the innate immune system reacts to a small subset of patterns
encoded within the genome and does not change. Finally, the adaptive immune system
demonstrates immunological memory. It “remembers” that it has encountered an
invading organism and reacts more rapidly on subsequent exposure to the same organism.
In contrast, the innate immune system does not demonstrate immunological memory.
The innate immune system contains anatomical barriers such as skin, mucous
membrane, saliva etc. However, when anatomical barriers are breached by tissue damage,
inflammatory and cellular barriers come into play. 2 The cells that mediate innate immune
response include macrophages, neutrophils, eosinophils, mast cells and natural killer
cells. Pathogen recognition by innate immune system occurs through PRRs found in all
cells of the innate immune system. These PRRs recognize the broad spectrum of
molecular patterns PAMPs found in pathogens but not in the host. A particular PRR can
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recognize a molecular pattern that may be present on a number of different pathogens
enabling the receptor to recognize a variety of different pathogens.

2.1. Macrophages
Macrophages are the key players in the immune response to foreign invaders such
as infectious microorganisms. Blood monocytes migrate into the tissues of the body and
there evolve into macrophages. They are found in almost every tissue in the body, where
they participate in various biological processes, ranging from development, to bone
remodeling and wound healing. They express full repertoire of functions; they detect,
ingest and destroy infectious agents; they initiate T-cell responses by antigen
presentation, and they act as effector cells for both humoral and cell mediated responses.
Macrophages express a broad range of plasma membrane receptors that mediate their
interactions with natural and altered-self components of the host as well as a range of
microorganisms. Macrophages express several receptor families responding to specific
ligands and performing specific functions. Among which toll-like receptors respond to
LPS. Recognition is followed by surface changes, uptake, signaling and altered gene
expression, contributing to homeostasis, host defense, innate effector mechanisms, and
the induction of acquired immunity.3
Two major classes of pattern recognition receptors exist in macrophages;
endocytic pattern-recognition receptors and signaling pattern recognition receptors.
Endocytic pattern-recogniton receptors are found on the phagocytic cells (neutrophils,
monocytes and macrophages); these receptors attach microorganisms to phagocytes
leading to engulfment and destruction. These include mannose receptors, scavanger
receptors, opsonin receptors and N-formyl-met receptors. Signaling pattern-recognition
receptors bind to PAMPs and promote the synthesis and secretion of intracellular
regulatory molecules called as cytokines which are necessary to initiate innate immunity
and adaptive immunity.4 A series of signaling PRRs are found on the macrophages and
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dendritic cells, these are known as toll-like receptors (TLRs). These receptors play an
important role in induction of innate immunity and adaptive immunity. On binding of
PAMPs to its TLR, a signal is transmitted to the host cell’s nucleus leading to the
induction of pro-inflammatory cytokines. These cytokines in turn bind to the cytokine
receptors present on other defense cells such as cells of the adaptive immunity, thus
initiating the induction of adaptive immunity.3

2.2. Lipopolysaccharide
Fever was one of the first recorded physical findings in medicine. Early
investigators hypothesized that inducer of fever were physical entities and named them
pyrogens, derived from the Greek root pyr, meaning fire. Then there was a controversy in
stating fever as a disease or a host defense mechanism against illness. Albrecht von
Haller, a pioneer in the field of LPS showed that decomposing tissue could induce fever
when re-injected intravenously.5 In 1892, Richard Pfeiffer published that Vibrio cholera
had a toxin “closely attached to, and probably an integral part of, the bacterial body”.5
This came at a time when most scientists believed pyrogens to be secreted proteins like
the other known bacterial toxins. Pfeiffer is credited with coining the term endotoxin
(although he never published it), which is still used today.6
Endotoxin was first purified around by Andre Boivin and Lydia Mesrobeanu
using a trichloroacetic acid (TCA)-based method. Soon after, Walter T.J. Morgan and
Walther F. Goebel used organic solvents and water to purify endotoxin. Both groups
found endotoxin to be composed of lipid and polysaccharide with very little if any
associated protein.5
The bacterial endotoxin lipopolysaccharide (LPS) is the major constituent of
gram-negative bacteria that activates TLRs. LPS consists of three covalently linked
domains (Fig. 1). Lipid A (endotoxin), the core region and the O antigen polymer.
Studies in several different laboratories determined that O antigen was a complex of
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polysaccharide, composed of repeating units of five to eight monosaccharides (galactose,
rhamnose, mannose and abequose in S.tymphimurium) that varies from strain to strain.7
Not much is known about the biological activities of the outer core region of LPS, but it
is believed that both the outer and inner core carry epitopes for antibodies.8 Determining
the structure of the extracted lipid was considerably more difficult than structuring either
the core or O-antigen and it wasn’t until 1983 that Takayama and colleagues published
the complete structure and correct structure of lipid A.9 The fatty acid composition of
lipid A was first described in E.coli. A total of six fatty acids chains are attached to the
lipid A backbone, two via amide linkages and four via ester linkages. Lipid A functions
as the hydrophobic anchor for LPS in the outer membrane and is the bioactive component
responsible for some of the pathophysiology, associated with severe Gram-negative
infections
The most significant thing is the identification of TLR4 as a signaling receptor for
LPS.10 LPS is the most potent stimulator of macrophage derived cytokine secretion.11
This excessive stimulation can lead to septic shock. Septic shock is the leading cause of
deaths in hospitalized patients. Macrophage–derived cytokines especially tumor necrosisalpha (TNFα) and interleukin-1 (IL-1) are showed to be involved in septic shock.12, 13, 14

Figure 1. General structure of LPS. LPS of Enterobacteriaceae consists of three
covalently linked domains: the lipid A moiety serves as the hydrophobic anchor for LPS
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in the outer most bacterial membranes and confers endotoxic properties to the LPS, the
core region is the phosphorylated non-repeating oligosaccharide that links lipid A to the
hypervariable O-antigen polymer.13

2.3. LPS receptor complex
LPS receptor complex is comprised of LBP (Lipobinding protein), Toll-like
receptor 4 (TLR4), MD-2 and CD14. CD14 is a myeloid marker antigen.16 The role of
CD14 in LPS activation of monocytes and macrophages has been demonstrated both
biochemically and genetically.17 For example, over expression of human CD14 in
transgenic mice renders these mice hypersensitive to LPS, as evidenced by their
increased susceptibility to endotoxin shock. In contrast, CD14 deficient mice are hyporesponsive to LPS and are at least 10 times less sensitive to LPS than normal mice.18
Although CD14 is known to bind LPS it has little signaling capacity because it is bound
to the cell membrane by glycosyl phosphatidylinositol (GPI) linkage. MD-2 is a
glycoprotein that forms complex with the TLR4. The importance of MD-2 in LPS
recognition can be understood by the fact that MD-2 deficient mice exhibit no response to
LPS. There is now clear evidence that Toll like receptors (TLRs) mediate the response to
LPS.

2.4. Toll-like receptor signaling
Mammalian cells express Toll-like receptors (TLRs) as detectors for variety of
molecular patterns on microorganisms.20 Akira et al. studied that families of patternrecognition receptors detect the microbes which leads to the activation of innate and
adaptive immune responses.22,

23

Toll-like receptors (TLRs) are the best characterized

PRRs and are directly responsible for the defense against bacterial and viral infection.21
After microbial detection, one or more adaptor protein(s) containing a Toll-interleukin 1
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(IL-1) receptor (TIR) domain bind(s) to the cytosolic TIR domains of TLRs. Four TIR
domain-containing adaptors are involved in propagating TLR signaling: MyD88, TIRAP,
TRAM and TRIF. These adaptors link activated TLRs with downstream kinases of the
IL-1 receptor associated kinase and mitogen activated protein kinase families, as well as
with members of the TRAF family of E3 ubiquitin ligases. Activation of these enzymes
leads to the activation of transcriptional regulators such as NF- B, AP-1 and several
interferon-regulatory factors (IRFs), which induce hundreds of genes involved in immune
defense.19 The studies made by Hayashi, F. et al. and Toshchakov et al. have notified a
link between receptor localization, the type of transcriptional response induced and the
class of microbe detected.27,

28

For example, TLR2, TLR4 and TLR5 all recognize

different components of bacterial cell wall and, appropriately, are found on the cell
surface, where they induce the production of pro-inflammatory cytokines after the
detection of microbes.24,26 In contrast, TLR3, TLR7 and TLR9 detect viral nucleic acids
and are found in endolysosomal compartments, where they are poised to detect nucleic
acids released after viral degradation.29, 30, 31 Kagan et al. studied that TLR4 is unique
among TLRs. First, TLR4 is the only known TLR able to activate both MyD88dependent induction of genes encoding inflammatory molecules and TRIF-dependent
production of type I interferon.25 Second, with the exception of TLR4, all other known
TLRs are sensors of nucleic acids and induce activation of IRF3 or IRF7 from
intracellular compartments. Finally, TLR4 is the only known TLR that engages all four
TIR domain-containing adaptors.32, 33

2.5. Toll-like receptor 4 (TLR4)
TLR4 mediates lipopolysaccharide signals in collaboration with other molecules,
such as CD14, MD-2, myeloid differentiation factor 88 (MyD88) and Toll receptor IL-1
receptor domain containing adapter protein (TIRAP)/MyD88- adapter-like (Mal). TLR4
does not need to heterodimerize with other TLRs to function but forms a complex with
several other proteins on the cell surface which are needed for LPS recognition. TLR4 are
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often enriched in endosomes after activation. This enrichment leads to increased TLR
recognition of PAMPs from phagocytosed pathogens, enhancing activation of TLR
signaling pathways and innate immune response.

Figure 2. TLR4 signal transduction pathway. LPS binds to the LPS-binding protein
(LBP) thereby transferring lipids to CD14. CD14 subsequently transfers LPS to the
TLR/MD-2 complexes. TLR4/MD-2 complex transmits signals through MyD88
dependent pathway through Tollip and TIRAP, leading to the secretion of cytokines.
LPS is recognized in mammals by a receptor complex, composed of CD14, TLR4 and
MD-2.35, 36 To elucidate the function of TLR4 Fitzgerald et al. constructed chimeric TLR
molecules, C-terminally fused to fluorescent proteins and stably expressed these
chimerical constructs in cells.34 These TLR constructs allowed them to study the sub-
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cellular localization, dynamics, and ligand interaction of TLRs in the environment of the
living cell. Their results demonstrate that:
i.

TLR4 is both a surface protein and a Golgi-localized protein.

ii.

TLR4 recycles from the surface of cells back and forth to the Golgi.

iii.

LPS traffics to the Golgi (this trafficking is not independent of, but occurs
together with, its binding receptor; CD-14).37, 38

iv.

The trafficking of LPS to the Golgi is not necessary for the initiation of cellular
activation.

2.6. LPS-monomer or aggregate?
The molecular structure of LPS prepared from R (rough) Escherichia Coli O8-,
SR (semi-rough) Salmonella typhimurium and S (smooth) strains E.coli O8 and
Citrobacter 396 are analyzed by Jann et al using SDS-PAGE and compared the results
from the same LPS preparations by degradation analysis. They showed that in SDSPAGE, the lipid A content of the different lipopolysaccharide varied and was expressed
in their electrophoretic mobilities.39,

40

Since LPS is heterogeneous and tends to form

aggregates of varying sizes, the molecular weight is not very meaningful. The reported
range is 2-4 million dalton or greater. When the LPS is treated with SDS and heat, the
molecular weight is in the range of 50-100 kDa. In their purest form, in the presence of
strong surface active agents, and in the absence of divalent cations, bacterial endotoxins
consist of 10-20 kDa macromolecules. In the absence of surface active agents and in the
presence of divalent cation sequestering agents such as EDTA, LPS is believed to arrange
itself into a micellar structure with a molecular weight of approximately 1,000 kDa. The
self aggregation of LPS is generally a function of the lipid A component of the molecule,
which also confers the ability to bind to hydrophobic surfaces.
But the active form of LPS, monomer or aggregate, is controversial. Therefore
Sasaki et al. had examined the aggregation behavior of a nearly homogeneous LPS,
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Kdo2-Lipid A.41 It is difficult to interpret the immuno-stimulation data using the
biophysical multimerization data because the conditions under which cell stimulation
experiments are performed are usually different.42,

43

For instance, critical aggregation

concentration in culture medium could be different due to the binding of LPS to serum
components such as LBP, sCD14, and lipoproteins.44,45 Rivera et al. were able to analyze
the size heterogeneity of LPS using both gel filtration and SDS-PAGE.46

2.7. LPS-TLR4 binding
The mammalian toll-like receptors (TLRs) are germline-encoded receptors
expressed by cells of the innate immune system. These receptors are stimulated by
structural motifs expressed by bacteria, viruses and fungi known as PAMPs. Importantly,
TLR interactions trigger the expression of pro-inflammatory cytokines and help in the
functioning of antigen presenting cells of the innate immune system. Many PAMPs have
been identified that can stimulate a particular TLRs. For example, the TLR2/TLR6
heterodimer can be stimulated by, lipoteichoic acids (LTA) and peptidolycan (PG). TLR9
is stimulated by viral DNA rich in unmethylated CpG motifs. TLR3 interacts with viral
double stranded RNA. Evidences suggests that TLR4 can be stimulated by several
PAMPs such as LPS from gram-negative bacteria, fusion (F) protein from respiratory
syncytical virus (RSV) and the envelope protein from mouse mammary tumor virus
(MMTV).47 LPS is one of the best studied immune-stimulatory components of bacteria
capable to induce systemic inflammation and sepsis if excessive signals occur.48 Upon
LPS recognition TLR4 undergoes oligomerization and recruits downstream adaptors
through the interaction with TIR domain.
The relationship between receptor-ligand binding and processing and cellular
responses may be explained, at least in part, by determining values of the rate constants
for receptor-ligand binding and processing.52,

53, 54

Shin et al. used the Plasmon

Resonance technique to investigate the kinetics involved in the binding of LPS to the
recombinant CD14, MD-2 and TLR4 proteins produced in insect cells.49
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2.8. Fluorescence quenching
At temperature between 0-4 °C, endocytosis is mostly stopped. The use of
chemical inhibitors for receptor mediated endocytosis was stated by Nieland et al. in their
study, where they discovered and characterized small molecules BLT-1, BLT-5 that
inhibit the transfer of lipids between HDL and cells mediated by HDL receptor SR-BI.55
Trypan blue was used to quench surface fluorescence for the flow cytometric assays.
Loike et al. were able to demonstrate that trypan blue can quench the fluorescence of
glutaraldehyde- fixed red blood cells.50, 51

2.9. Flow cytometry
Flow cytometry is a technology that allows a single cell to be measured for a
variety of characteristics, determined by looking at how they flow in liquid. Instruments
used for this can gather information about cells by measuring visible and fluorescent light
emissions, allowing cell sorting based on physical, biochemical and antigenic traits.
When a fluorescently labeled ligand is available its binding to the receptor can be
monitored using spectrofluorometry or flow cytometry. Compared to radioligand
methods, flow cytometry offers the advantage of monitoring ligand binding to single cells
in real-time without the need to separate bound from unbound ligands. Sklar and Finney
described that the total number of receptors on the cell membrane can be found by using
equilibrium binding assay at 4 °C.56 Hoffman et al. found that at 4 °C internalization,
receptor up-regulation and recycling is minimized, and thus the total number of surface
receptors can be assumed constant.57
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Chapter 3. Experimental Design
3.1. Objective: To establish equilibrium binding constants for LPS interaction with
TLR4

3.2. Materials and methods
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Cell line: IC21 mice macrophage cells were isolated and purified for in vitro culture.
Cells were grown and maintained at an appropriate temperature and gas mixture (37 C,
5% CO2 and fetal calf serum) in a cell incubator. Usually it takes 3-4 days for the cells to
grow up to 80% confluence. After cells were grown they were separated from the growth
medium by centrifugation for 5 minutes at 1200 rpm.
Reagents: Phosphate Buffer Saline (PBS), Trypan Blue, FITC-LPS from Escherichia
coli 0111:B4 purchased from Sigma-Aldrich. SDS-PAGE gels were prepared and run
using 1x running buffer. 10 ml of 10% separating gel was formed with 4ml of water, 3.3
ml of 30% acrylamide mix, 2.5 ml of 1.5M Tris (pH 8.8), 0.1 ml of 10% SDS, 0.1 ml of
10% ammonium persulfate and 0.004ml of TEMED. 5% stacking gel of 6ml volume if
formed with 4.1 ml of water, 1ml of 30% acrylamide mix, 0.75ml of 1.0M Tris (pH 6.8),
0.06 ml of 10% SDS, 0.06ml of 10% ammonium persulfate and 0.006ml of TEMED.
Kaleodoscope molecular weight ladder purchased from Biorad.
3.2.1. Determination of LPS molecular weight by using SDS-PAGE

Molecular weight of LPS was determined by using Polyacrylamide gel
electrophoresis. Separating gel was poured into the casting setup up to the 4cm mark
from the top of the glass plates. The gel was overlaid with water. The gel was allowed to
polymerize for 45 minutes. Then, the stacking gel was poured and the comb was inserted
with making sure that no air bubbles are formed around the wells. Then the stacking gel
was allowed to polymerize for 45 minutes. Then the comb was removed carefully. The
formed wells were rinsed several times with water using a squirt bottle and a 100 µl tip.
The wells were filled with1x running buffer. Three different types of LPS samples are
prepared one with PBS, second without PBS, and the last one with PBS and FBS.
Duplicate samples were prepared of each kind with each one of the kind sample boiled
for 5 minutes. And the rest of the samples remained unboiled. The lower buffer chamber
was filled with 1 liter 1x running buffer, and the gel assembly was placed into the lower
chamber. Slowly, 500ml of 1x running buffer was poured into a corner of the upper
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chamber. The gel was run at 75 volts for 3 hours. The gel is imaged under the scanner
using blue light of 50 Å wavelengths under 600 Volts.
3.2.2. Determination of LPS-TLR4 binding at 4 °C

IC21 mice macrophage cells were cultured separated from the growth medium
and were counted. The cells were washed twice with PBS and spun in centrifuge at 1250
rpm for 5 minutes. The cells were poured into the wells of 96-well plate at the rate of
20,000 cells per each well. Then cells were stained by the desired concentration of FITCLPS. The chosen FITC-LPS concentrations are 1, 3, 7, 25, 50 µg/µl. LPS stained cells
were placed in an ice bucket for 30 minutes. The 96-well plate was wrapped with
aluminum foil to avoid exposure of light. Then, 200 µl of PBS was added to the cells in
the wells. Then the samples from each well were transferred into the falcon tubes. The
falcon tubes were sent through the FACSAria flow cytometer to measure the
fluorescence. The fluorescence intensity of the cells is the direct measure of binding. The
experimental results were exported from the flow cytometer in FCS3.0 version (e.g.,
foo.fcs) following data acquisition.
Flow cytometry data was analyzed using R/Bioconductor.58 Following installation
of R, basic Bioconductor packages and additional packages that are required to process
flow cytometry data were downloaded from web within R using:
>source ("http://www.bioconductor.org/biocLite.R")
>biocLite("flowCore")
>biocLite("flowViz")
>biocLite("flowUtils")
>biocLite("geneplotter")
>open Vignette()
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The .fcs files were stored in a new working directory. An array was defined as
fclist that contained the data files to be analyzed and were loaded into the R workspace
using a single command:
> fs <- read.flowSet(fclist, transformation = FALSE)
A summary of the loaded flowSet can be shown by typing the variable name at
the command line:
> fs
A flowSet with 18 experiments.
column names:
FSC-A SSC-A FITC-A Time
Gating on cell size
The cell size was gated to exclude non-cellular debris and dead cells which forms
non-specific staining. The live cells were separated from the entire cell population by a
rectangular gate that selects cells with a certain forward scatter area (e.g. 25000) and
maximum intensity (e.g. infinity). Next data driven gate was created that was centered at
the median of the specified cell population. The statistics associated with gating were
calculated to determine the number of cells retained for subsequent analysis. The live
cells were shown in blue using a contour overlay that indicated the density of the cell
population.
Linear-Log data Transformation
To eliminate the negative values created after background fluorescent subtraction,
the linear values of the fluorescence intensity were transformed into logarithmic values.
The relationship used for this transformation was encoded as a function within the script:
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> linlogTransform = function(transformationId, median = 0, dist = 1, ...)
{tr <- new("transform", .Data = function(x)
{idx = which(x <= median + dist)
idx2 = which(x > median + dist)
if (length(idx2) > 0)
{x[idx2] = log10(x[idx2] - median) - log10(dist/exp(1))}
if (length(idx) > 0)
{x[idx] = 1/dist * log10(exp(1)) * (x[idx] - median)}
x})
tr@transformationId = transformationId
tr }
Using this transformation function, the background fluorescence obtained from
the no stain experiments was subtracted from each of the measured channels. The
transition value was held constant for all of the channels at a value of 100. The
transforms were applied to the measured ﬂuorescent values. The resulting transformed
values were deposited within the flow Frame in a new channel.
3.2.3. Determination of LPS-TLR4 binding at 37 °C

The IC21 cells at 37 °C were exposed to LPS in the similar way as done at 4 °C.
But after addition of LPS, cells were incubated in a incubator at 37 °C for 30 minutes.
After incubation, the 200 µl of PBS was added to each well of the cells and were
transferred into the falcon tubes and fluorescence was measured using flow cytometer.
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3.2.4. Fluorescence quenching using Trypan blue

Trypan blue was used to quench the fluorescence on the cell surface membrane.
Hence after the cells were exposed to LPS and incubated for half an hour at 4 °C and 37
°C, the cells were added with 200µl of 0.02% trypan blue. The cells at the rate of 20000
cells per each well were incubated with trypan blue for 15 minutes and the fluorescence
was measured using flow cytometer.
3.2.5. Determination of LPS-TLR4 binding with respect to time

Binding of LPS to TLR4 with time at 37 °C was found by adding FITC-LPS to
the IC 21 mice cells at different intervals of time, up to 3 hours. Fluorescence of cells was
measured at different time points. The obtained data was analyzed by using R, to
determine the equilibrium binding time.
3.2.6. Determination of Dissociation Constant

The Dissociation constant, kD, was determined using binding assay at 4 °C After
subtraction of background fluorescence from the total fluorescence obtained for each
ligand concentration, the concentration of free ligand and receptor-ligand complexes was
determined. The total number of surface TLR4 receptor, Rtot and the apparent equilibrium
dissociation constant kD were evaluated by minimizing the squared residual of the data
points in a fit to a one site model.
As a base model of receptor-ligand binding, monovalent ligand model was considered
where ligand, L, binds reversibly to a monovalent receptor, R, to form a receptor-ligand
complex, C;

R L

C

(1)
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The the time rate change of the concentration of receptor-ligand complex as a function of
the free receptor number R and the ligand concentration L , where kf ( M-1 sec-1) is the
association rate constant while kr (sec-1) is the dissociation rate constant is described by:
dC
dt

kf [R][L] - kr [C]

(2)

To solve equation (2) a situation is to be considered where the total number of
surface receptors remains unchanged. In addition, the ligand concentration remains
constant irrespective of receptor binding. Therefore
Rtot = R + C

(3)

Hence,
dC
dt

kf [ Rtot C ]L krC

(4)

The number of receptor-ligand complexes at equilibrium, Ceq at steady state i.e. dC/dt =0
is;
Ceq

RtotL
kD L

(5)

Where kD, the equilibrium dissociation constant, is equal to kr/kf.
The ligand can also interact with the cell in a non-specific manner. Non-specific
binding is proportional to the ligand concentration:
CNS = KNS * L

(6)

Where CNS is the concentration of non-specifically bound ligand and KNS is a
nonspecific proportionality constant expressed in terms of
to the cell is the sum of specific and non-specific binding:
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sites volume
*
. Ligand bound
cell moles

c
Ctot

Rtot L
KD L

tot

c

eq

c

NS

(7)

K NS * L

(8)

Therefore, the two terms in the R.H.S of the equation # 8 represent specific and nonspecific binding respectively.
Now, the equation # 8 was used to determine the constants Rtot, KD and KNS.
As, the fluorescence intensity measure of the cells obtained was the result of both specific
and non-specific binding of the ligand, fluorescence intensity was calculated by making
suitable assumptions and many iterations were

made until the error between

experimentally obtained fluorescent measure and theoretically obtained fluorescent
measure was minimized. The calculations were done in excel sheets.
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3.3. Results
3.3.1. Lipopolysaccharide (LPS) analysis by SDS-PAGE
An applied electric field across the gel caused the negatively charged sample
molecules to migrate across the gel towards the anode. Depending upon the size, the
molecules moved differently through the gel: low-molecular-weight molecules moving
more easily than the high-molecular-weight ones. The gel is calibrated by running the
kaleidoscope molecular-weight marker in the separate lane. The scanned image of the gel
is obtained and molecular weight of the FITC-LPS samples in the gel is determined by
comparing the distance travelled by the sample relative to the molecular-weight marker.
Figure 1 shows the scanned image of the FITC-LPS samples in the polyacrylamide being
compared with the molecular weight marker.
As we see from the figure the image of the FITC-LPS sample in the presence of
FBS has high-molecular-weight than the other two FITC-LPS samples. This may be
attributed to the fact that FBS contains lipoproteins which adhered to LPS molecules,
thereby increasing the size of the molecule. The other two samples did not differ much in
their size indicating that boiling had a minimal effect on the molecular weight of the LPS
samples before running through the gel. The image of the high concentration LPS
samples was darker than the low concentration LPS samples.
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Figure 3. Scanned image of LPS samples in SDS-PAGE. Wells formed in stacking gel
were numbered from 6 to 0. In the well 6, Molecular weight marker was filled. In wells 5
and 4, 5µg and 1µg boiled LPS samples in presence of PBS was added. In wells 3 and 2,
5 µg and 1µg LPS samples in presence of PBS was added. In wells 1 and 0, LPS 5µg and
1µg LPS samples in presence of FBS and PBS was added.
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Figure 4. Forward Scatter-Side Scatter plots for LPS-TLR4 binding at 4 °C. The dots
scattered outside the contour are the cells rejected. Plot A represents the FSC-SSC for
unstained IC21 mice cells at 4 °C, B for cells stained with 1 µg/ml LPS, C represents plot
of concentration of LPS versus FSC for unstained cell, D represents plot of log of
concentration of LPS versus FSC for cells stained with 1 µg/ml LPS, E and F represents
the plots of concentration of LPS versus FSC for 3 and 7 µg/ml respectively.
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Figure 5. Histogram of LPS-TLR4 binding at 4 °C. The area under each curve represents
the population density exhibiting fluorescence measured along horizontal axis. Black
curve represents the background fluorescence exhibited by unstained cells at 4 °C, red,
green, violet, blue and pink curves represents the fluorescence exhibited by the IC21
mice cells stained with 1, 3,7,25,50 µg/ml LPS respectively.
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Table 1. Cell viability data for LPS-TLR4 binding at 4 °C
Dose
No lps
1ug lps
3ug lps
7ug lps
25ug lps
50ug lps

total
cells
10000
10000
10000
10000
10000
10000

#events live cells percentage
10000
10000
10000
10000
10000
10000

9773
9738
9746
9762
9630
9584

97.3
97.3
97.4
97.6
96.3
95.8

LPS+

MFI

55
132
396
9153
9604
9573

22
28
35
204
1238
1670

3.3.2. Determination of LPS-TLR4 binding at 4 °C

At 4 °C, receptor trafficking, endocytosis and pinocytosis are stopped. Therefore
it becomes easy to quantitate the ligand receptor binding in terms of equilibrium binding
constant. The FSC-SSC plots for LPS-TLR4 binding at 4 °C are shown in Figure 4. FSC
correlates with the cell volume and SSC depends on the inner complexity of the particle.
Hence these plots show fluorescent molecules bound to the cell. The histogram in Figure
5, shows the density distribution of the cells expressing fluorescence for increasing
amount of ligand concentration.
The fluorescence intensity was quenched by using trypan blue58. Figure 7 shows
the fluorescence quenching obtained at 4 °C. The surface fluorescence was quenched by
trypan blue, and the remaining fluorescence which we can see was due to the internalized
LPS or nonspecific binding. The amount of fluorescence quenched at 37 °C was much
lower than that of quenched at 4 °C. Any fluorescence of quenched samples, which we
see for the cells stained with high concentration of LPS, may be due to the inadequate
amount of the trypan blue.
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Figure 7 shows the fluorescence quenching of the cells obtained at 4 °C. The
fluorescence of all the samples, after addition of trypan blue was close to the background
fluorescence of unstained cells. From which, it becomes clear that at 4 °C receptor
mediated endocytosis, pinocytosis and internalization processes are negligible.
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Figure 6. Forward Scatter- Side Scatter plots for fluorescence quenching at 4 °C. The
dots scattered outside the contour are the cells rejected. Plot A represents the FSC-SSC
for unstained IC21 mice cells quenched with trypan blue at 4 °C, B for cells stained with
1 µg/ml LPS, quenched with trypan blue, C represents plot of concentration of LPS
versus FSC for unstained cell, quenched with trypan blue, D represents plot of log of
concentration of LPS versus FSC for cells stained with 1 µg/ml LPS, quenched with
trypan blue.
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Figure 7. Histogram of fluorescence quenching by trypan blue obtained at 4 °C. Each
subpanel has three curves, one representing background fluorescence, and other two
representing density distribution of fluorescence intensity obtained with and without
addition of trypan blue for different ligand concentrations. A represents the density
distribution curves of unstained cells with and without addition of trypan blue. B, C, D, E
and F represents the density distribution curves for cells stained 1, 3, 7, 25 and 50 µg/ml
ligand concentration, with and without addition of trypan blue. We can see that
fluorescence expressed by cells for 1, 3, 7 µM concentration of FITC-LPS was almost
equal to the background fluorescence. At higher ligand concentration, fluorescence was
partially quenched.

Table 2. Cell viability data for Fluorescence quenching of LPS at 4 °C
Dose
no lps
1ug lps
3ug lps
7ug lps
25ug lps
50ug lps

Total
Live
Percentage LPS+
cells
cells
10000
9741
97.4
10000
9695
96.9
10000
9687
96.8
10000
9639
96.4
10000
9689
96.9
10000
9456
94.6

30

MFI
11
15
18
22
898
1916

11
12
13
11
56
65

Dose-Response plot of LPS-TLR4 binding at 4 °C
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Figure 8. Dose-Responses plot of LPS-TLR4 binding at 4 °C. Experimental dose
response corresponds to the fluorescent intensity measured by flow cytometer, model fit
curve is obtained by simulation, using equation 8, mentioned in materials and methods
section.The dissociation constant KD obtained from the kinetics plots was 16.0 µM, Rtot
or maximum intensity obtained was 1800, and Kns, non-specific binding constant was
calculated to be 6.5 µM -1(assuming, single binding site for each cell).

3.3.3. Determination of LPS-TLR4 binding at 37 °C

At 37 °C receptor synthesis, degradation, and trafficking occurs through the cell
membrane. Ligand/Receptor complexes traffic through the cell membrane into the cell.
The FSC-SSC plots for LPS-TLR4 binding at 37 °C are shown in Figure 9. We can see
that fluorescence intensity was increased relating to the results obtained at 4 °C under
similar experimental conditions, from Figure 10. This was because of internalization of
ligand or ligand/receptor complex inside the cell. The LPS concentrations of 1, 3, 5, 7,
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25, 50 µM were added to the cells at 37 °C. Figure 8 shows the dose response of the cells.
The fluorescence intensity continuously increased with the increase in concentration of
the ligand added. Trypan blue was added to determine the internalized LPS at 37 °C.
Trypan blue quenched the fluorescence obtained at 37 °C, but was comparatively less
than that quenched at 4 °C. Figure 12, shows the histogram of population distribution
expressing fluorescence after the addition of trypan blue at 37 °C.
Figure 13 shows the dose response plot of the flow cytometry data for
experiments with and without addition of trypan blue at 4 °C and 37 °C.
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Figure 9. Forward Scatter-Side Scatter plots for LPS-TLR4 binding at 37 °C. The dots
scattered outside the contour are the cells rejected. Plot A represents the FSC-SSC for
unstained IC21 mice cells at 37 °C, B for cells stained with 1 µg/ml LPS, C represents
plot of concentration of LPS versus FSC for unstained cell, D represents plot of log of
concentration of LPS versus FSC for cells stained with 1 µg/ml LPS, E and F represents
the plots of concentration of LPS versus FSC for 3 and 7 µg/ml respectively.
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Figure 10. Histogram of LPS-TLR4 binding at 37 °C. The area under each curve
represents the population density exhibiting fluorescence measured along horizontal axis.
The black curve represents the fluorescence exhibited by unstained cells or background
fluorescence, and the remaining curves represent the dose response, which increased with
increase in the concentration of FITC-LPS.

35

Table 3. Cell viability data for LPS-TLR4 binding at 37 °C
Dose
No lps
1ug lps
3ug lps
7ug lps
25ug lps
50ug lps

total
cells
10000
10000
10000
10000
10000
10000

live cells percentage
9773
9738
9746
9762
9630
9584

97.7
97.4
97.5
97.6
96.3
95.84

A

LPS+

MFI

55
132
396
9153
9604
9573

27
62
154
410
1645
2470
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Figure 11. Forward Scatter-Side Scatter plots for fluorescence quenching at 37 °C. The
dots scattered outside the contour are the cells rejected. Plot A represents the FSC-SSC
for unstained IC21 mice cells quenched with trypan blue at 4 °C, B for cells stained with
1 µg/ml LPS, quenched with trypan blue, C represents plot of concentration of LPS
versus FSC for unstained cell, quenched with trypan blue, D represents plot of log of
concentration of LPS versus FSC for cells stained with 1 µg/ml LPS, quenched with
trypan blue.
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Figure 12. Histogram of Fluorescence quenching at 37 °C. Each subpanel has three
curves, one representing background fluorescence, and other two representing density
distribution of fluorescence intensity obtained with and without addition of trypan blue
for different ligand concentrations. A represents the density distribution curves of
unstained cells with and without addition of trypan blue. B, C, D, E and F represents the
density distribution curves for cells stained 1, 3, 7, 25 and 50 µg/ml ligand concentration,
with and without addition of trypan blue. We can see that fluorescence expressed by cells
for 1, 3, 7 µM concentration of FITC-LPS was almost equal to the background
fluorescence. At higher ligand concentration, fluorescence was partially quenched. We
can see that fluorescence expressed by cells for 1, 3, 7 µM concentration of FITC-LPS
was almost equal to the background fluorescence. At higher ligand concentration,
fluorescence was partially quenched.
Table 4. Cell viability data for fluorescence quenching at 37 °C
Dose
no lps
1ug lps
3ug lps
7ug lps
25ug lps
50ug lps

Total
Live
Percentage LPS+
cells
cells
10000
9777
97.8
10000
9818
98.2
10000
9828
98.3
10000
9756
97.6
10000
9461
94.5
10000
9383
93.8

39

MFI
6
8
19
110
1320
2628

7
8
10
19
65
83

Dose response plot for LPS-TLR4 binding at 37 C
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Figure 13. Dose response plot of LPS-TLR4 binding at 37 °C. Experimental dose
response corresponds to the fluorescent intensity measured by flow cytometer, model fit
curve is obtained by simulation, using equation 8, mentioned in materials and methods
section. The dissociation constant KD obtained from the kinetics plots was 56.30 µM,
Rtot or maximum intensity obtained was 2500, and Kns, non-specific binding constant
was calculated to be 1.92 µM -1(assuming, single binding site for each cell).
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Figure 14. Dose response plot of LPS –TLR4 binding +/- Tryplan blue at 4 °C and 37 °C.
The fluorescence intensity expressed by the cells at 4 °C was almost quenched by trypan
blue, whereas at 37 °C, it was partially quenched.
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3.3.5. Study of LPS-TLR4 binding with respect to time

LPS binding with respect to time was studied to determine the equilibrium binding.
Time-course experiments were carried out at 5 different time points with 2 different
concentration 1, 7 µg/µl of LPS. Figure 13 shows the histogram of LPS-TLR4 binding at
different time points at 37 °C. Figure 14 shows the histogram of fluorescence quenching
obtained for time course experiments. Figure 15 shows the plot of the dose response of
the LPS-TLR4 binding with respect to time. From Figure 14, we can see the gradual
increase of fluorescence intensity with respect to time upto 30 minutes for all the
samples. Therefore the equilibrium binding was supposed to take place at 30 minutes.
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Figure 15. Histogram of LPS-TLR binding with time for 1 and 7 µg LPS. In A, Density
distribution of the cells expressing fluorescence for 7 µg LPS ligand concentration is
shown. In B, Density distribution of the cells expressing fluorescence for 1 µg LPS
ligand concentration is shown. From A and B, it is clear that fluorescence intensity was
higher for higher ligand.
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Figure 16. Dose response plot of LPS-TLR4 binding with respect to time. Triangles
represent the fluorescent intensity response for 7 µg LPS with respect to time. Blue solid
curve passing through the triangles represent the mean value of the corresponding data.
Cross symbols represent the fluorescent intensity response for 1 µg LPS with respect to
time. Brown solid curve represents the mean value of the corresponding data. The
fluorescence intensity was observed to increase with time for both 1, 7 µM
concentrations of FITC-LPS up to 30 minutes, then it decreased sharply and remained
constant.
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Chapter 4. Discussion
The molecular weight of LPS which was found to be close to 50 kDa using SDSPAGE method, was in well agreement with the range it exhibits in the presence of SDS
and heat treatment. And also, since critical aggregation concentration in culture medium
could be different due to the binding of LPS to serum components such as LBP, sCD14,
and lipoproteins we were able to determine the actual size of LPS using SDS-PAGE.
Table 5. Dissociation , nonspecific binding constant and Total Receptor concentration at
4 °C and 37 °C for LPS-TLR4 association
Constants

4°C

37 °C

KD

18 µM

56.3 µM

Rtot

1800 MFI

2500 MFI

KNS

6.5 µM-1

1.93 µM -1

* MFI – mean fluorescence intensity
The Dissociation constant, KD, non-specific binding constant and total receptor
concentration for LPS-TLR4 binding at 4 °C and 37 °C are reported in Table 5. There has
been much interest in the kinetics of receptor-ligand interactions, especially in the case of
molecules involved in immune responses. 60 For the LPS-mouse TLR4/MD-2 interaction,
the reported affinity was about 3-10 nM, this binding assay used immunoprecipitation
and was different from conventional ligand binding assay. They could not directly
compare the LPS interaction with TLR4-MD-2 or CD14 complexes because LPS was not
coprecipitated with CD14 or MD-2 due to the presence of detergents.61 The dissociation
constant for LPS-human MD-2 interaction was reported as 65 nM.62 The Dissociation
constant for LPS-TLR4 interaction, reported by Shin et al. was 20 µM at 25 °C.
Differences in assay sytems, interaction forces of molecules, may contribute to the
observed differences. With affinities differing by three orders of magnitude, it is hard to
rationalize the current model of LPS interaction with TLR4.
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As, it is known that LPS does not interact with TLR4 alone, and it also binds to
other receptor proteins significantly, we include non-specific binding term, accounting
for the binding of LPS to its receptor proteins. Clearly, from Table 5, we can see that KD
and Rtot values are higher at 37 °C than that obtained at 4 °C, which was expected
because at 37 °C, conditions are rigorous and LPS undergoes internalization along with
its receptor. Trypan blue addition quenched the surface fluorescence obtained at both 4
°C and 37 °C, enabling us to quantify the fluorescence obtained by internalization and
surface binding.
Time course experiments show gradual increase in fluorescence exhibition, up to
30 minutes, drops and levels off. This means, equilibrium binding was attained at 30
minutes which confirms that, the data obtained for LPS-TLR4 binding at both 4 °C and
37 with 30 minutes incubation period was at equilibrium. But non-specific binding
constant was found to be higher for LPS-TLR4 binding at 4 °C than at 37 °C. As
expected, the total receptor concentration was higher at 37 °C than that of obtained at 4
°C.
To determine the quantitative differences between the subpopulations of cells, and
moreover, to give individual populations a subtle relevance, standards are necessary with
known amounts of fluorescence to which these samples can be compared. In Figure 17. a
microbead containing a fluorescent dye, fluorescein-isothio cyanate (FITC), is shown
along with the cell labeled with same dye. If a series of such microbeads containing
varying amounts of the fluorescent dye is run on a flow cytometer, the resulting
distributions will be obtained as in Figure 18 indicated by “Bead1, Bead 2 and Bead 3”.
Now if a cell population stained with same dye is also on flow cytometer under same
conditions, then the fluorescence intensity of the cells can be quantitatively compared to
those of the calibrated microbeads.
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Figure 17. A microbead containing fluorescent labeled dye fluorescein isothiocyanate
along with the cell labeled with same dye.63

Figure 18. Fluorescent intensity distributions of the microbeads for different channels
run on flow cytometer.63
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The linear plot of FITC molecules versus mean fluorescence intensity obtained from the
peaks obtained in the figure 18, quantitates the fluorescence to which the cell samples can
be compared.
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4.1. Conclusion
We conclude from the series of experiments conducted at 4 °C and 37 °C that
dissociation constant for LPS-TLR4 was found to be 18µM and 56µM respectively. The
non-specific binding constants obtained were 6.5µM-1 and 1.93 µM-1 at 4 °C and 37 °C
respectively. The molecular weight of LPS was found to be 50 kDa using SDS-PAGE.
At 37 °C, measured fluorescence was more than that measured at 4 °C, because of the
internalization process. The fluorescence quenching observed at 37 °C and 4 °C using
trypan blue was incomplete and imposed questions on occurrence of pinocytosis. The
LPS-TLR4 binding with respect to time was found to increase up to certain time and
become constant. The equilibrium binding time was observed to be around 30 minutes.

4.2 Future Work
In this study, non-specific binding of LPS to TLR4 in-vitro, was not inhibited.
Inhibiton of non-specific binding of FITC-LPS to TLR4/MD-2 or CD14 can be done
using blocking agents such as antibodies against TLR4 complexes, through which
binding constants can be determined more accurately. And a model describing the
interaction of FITC-LPS to TLR4/MD-2 complexes leading to a signaling cascade that
induces the activation of transcription factors such as NFcontrols cell growth and cytokine production.
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Chapter 5. Safety Considerations
1. Before using any chemical Material Safety Data Sheet (MSDS) is always to be
reviewed.
2. Universal lab safety rules such as not eating, drinking or smoking in the
laboratory are strictly to be followed.
3. In the laboratory open-toe shoes should not to be worn as they leave us vulnerable
if there is a spill.
4. Always lab coat must be worn while performing experiment.
5. Suitable hand gloves must be used while performing experiment, against
potentially dangerous materials.
6. Acquaintance with laboratory safety rules is necessary and should be very well
aware of the location of first aid kit, the radiation and chemical spill kit, eyewash
and safety showers.
7. Emergency phone numbers should be memorized to call upon in an emergency
situation.
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